The operating range of compressors is usually limited by an unwanted phenomenon that is called, surge. Surge not only limits compressor performance and efficiency, but it can also damage the compressor, such as breaking impellers, oscillation and increasing temperature in compressor. This paper aims to present the application of nonlinear control methods and Lyapunov theory to prevent any surge conditions, in constant speed centrifugal compressors, based on the well-known Moore-Greitzer (MG) model. The only actuator in our system is a close-coupled valve (CCV). We propose a technique for designing nonlinear controllers according Lyapunov Law to avoid surge. In this paper, two controllers are designed and are applied to Moore-Greitzer model for a centrifugal compressor and compared both of them. Simulation results show these controllers can stabilize the instabilities due to surge phenomenon and effectiveness of proposed controllers. The findings of this research may serve as systems that utilizing centrifugal compressors in power generation plants.
INTRODUCTION
Centrifugal compressors were first invented in the 19th century by Auguste Rateau. Compressors have a wide variety of applications, such as turbo jet engines, turbo charging of internal combustion engines, power generation using industrial gas turbines, pressurization of gas and fluids in the process industry and so on. In general, there are four types of compressors which are reciprocating, rotary, centrifugal and axial [1] .
Compression systems such as gas turbines may face with several types of instabilities: combustion instabilities, aero elastic instabilities such as flutter and also aerodynamic flow instabilities. Two types instabilities in aerodynamic flow that can be experienced in compressors are known as surge and rotating stall. Surge is an unwanted flow oscillation through the compressor, and can damage the compressor. It is characterized by a limit cycle in the compressor characteristic [1] . Major damages are breaking impellers, return flow to downstream, oscillation and increasing temperature in compressor.
In many years ago, the solution to this unwanted phenomenon was surge avoidance in which the compressor operating point is never allowed to tend toward the stability limit that is called the surge line. Disadvantage of these techniques is that they have low efficiency and low pressure; therefore, these techniques decrease stable operating range of the compression system [2] .
Several methods have been proposed to control surge and can be used to boost efficiency and stabilize the compression system operating range by going closer to the surge line. These Methods are implemented based on either better compressor interior design or variable geometry that can be used for mechanical engineers and methods which control surge by a control law that can be used for automation and control engineers. Therefore, active surge control is more useful than avoiding it [3] . In active control methods, measurements from one or more parameter such as flow and pressure according to a control law, are applied to an actuator so that stability can be achieved in the unstable area of the compressor map [4] . Active control surge has been used since 1989 and many researches about it have been presented [5] .
The most powerful techniques are Lyapunov-based controllers based on Greitzer model [6] , adaptive control [7] , backstepping [8] , bifurcation [9] , H∞ [10] , second-order sliding mode control (2-SM) [11] , variable structure [12] , fuzzy logic control (FLC) [13] and predictive control based on Lease-Squared Support Vector Machine (LS-SVM) [14, 15] .
Several actuators are used for controlling surge. Some of them are closed coupled valve [1] , tip clearance [16] , bleed valves [17] , inlet guide vanes [18] , recirculation [19] , air injection [20] and Throttle Control Valve [21] . But the most famous actuators which have been used recently are closed coupled valve and Throttle Control Valve. In past researches one or both of them have been used. Although designing two controllers for two actuators is difficult, but it is used. This paper represents the application of nonlinear active control for surge control in constant speed centrifugal compressors according to the famous Moore-Greitzer (MG) model according to Lyapunov control law. In most past researches, two control valves are used which called CCV (closed couple valve) and TCV (throttle control valve) to avoid unwanted surge phenomenon; but in this paper, Surge is controlled with only CCV. The scientific contributions of this paper are simplicity of designing and setting up one controller instead of two controllers (old methods) and good efficiency and performance of compressor. Two controllers are presented and compared. Results show that the first controller has better efficiency.
The remainder of the paper is organized as follows. In section 2, we introduce the model of the system and mathematical equations for Moore-Greitzer model. In section 3, we formulate the first controller. In section 4, we present its simulation results. In sections 5, model and problem formulation of the second controller are introduced. Section 6, includes Simulation results of the second controller. This is followed by conclusions in section 7.
SYSTEM MODEL
Although several dynamic models for the unstable operation behavior of compression systems have been presented since 1955, we refer to the famous nonlinear compressor model suggested by Moore and Greitzer. This model is shown in Figure 1 . According to Simon and Valavani [20] , close-coupled control valve (CCV) is in series with compressor and we can assume that no considerable mass storage can occur since the distance between the compressor outlet and CCV is so small. After CCV there is a plenum volume for storage compressible gas. It is shown in Figure 2 .
The two differential equations of the model Moore-Greitzer is given by:
in which, B is Greitzer parameter, Lc is Length of compressor and Duct, Φ is averaged mass flow coefficient and is given by:
where, Cx is axial velocity and U is blade speed. And:
is nondimensional time and is defined as:
where, R is the mean compressor radius. Furthermore, Ψ is pressure coefficient and is given by:
in which, P1 is output pressure coefficient of the compressor,
Po1 is input pressure coefficient of the compressor and ρ is density.
On the other hand, ( ) is throttle mass flow coefficient and is expressed by ( ) = √ , in which is throttle gain valve. ( ) is pressure rise in the compressor and is a nonlinear function of the mass flow (compressor characteristic). ( ) can be formulated as:
in which ΨC0 is constant shut-off value of the compressor characteristic, H is semi Height and W is semi width, as shown in Figure 3 . The numerical values for a typical compressor are listed in Table 1 and also used in simulation. In order to simplify system analysis, a good idea is to change of coordinates of the system equations so that the origin becomes the equilibrium under study. So, the new coordinates are defined as:
so, ̂(̂) is defined as:
by substituting (3) in (7), we have:
in which,
According to Table 1 , Ψ C0 is very small and assumed to be zero for simplicity. Therefore, (1) and (2) are converted to (18) and (19) .
DESIGNING THE FIRST CONTROLLER
In this section, the first controller will be designed for the pure surge case. In [20] , Simon and Valavani recommended using the drop in pressure across the valve as the control variable u. we use that idea for operating compressor close the surge line without any oscillation. In case of pure surge, the model is given by:
The assumed controller can be formulated as:
where, C is a constant value (gain of controller) and will be calculated in the following. The control Lyapunov function (CLF) for this step is selected as:
For simplicity and eliminating constant coefficients, it is modified as [1] :
Based on laws for stability of control Lyapunov function, ̇ which is the first order derivate of Lyapunov function, must be negative, so we have:
By substituting (20)-(21) in (25), we have:
Throttle valve is passive, and then ̂(̂) is always positive; therefore −̂̂(̂) < 0; So:
By substituting (13) in (27), we have:
< 0 (28) By using the numerical values of Table 2 , we conclude that 3 > 0. Thus − 3 Φ 2 < 0. It's enough to show:
It is easy to show that it's necessary:
By using the numerical values of Table 1 , the values of Table 2 are achieved. 
SIMULATION RESULTS OF THE FIRST CONTROLLER
According to the values, obtained in previous chapter, we apply the controller to Moore-Greitzer model. We assume C=-2 thus we expect the system to be stable. Simulation Results are shown in Figure 4 It can be seen from Figure 4 that there is no controller and the compressor is in surge position, at first. By applying the controller at nearly t=110 s the compressor mass flow increases, and then by eliminating the surge, the compressor mass flow stabilizes. This stability is achieved at equilibrium point approximately. Figure 4 shows that initially there is no controller and the compressor is in surge position. By applying the controller at nearly t=110 s the mass flow increases, and so by eliminating the surge, the mass flow at the output stabilizes. This stability is also achieved at equilibrium point approximately. Figure 5 shows that initially there is no controller and the compressor is in surge position. By applying the controller at nearly t=120 s the pressure increases, and so by eliminating the surge, the pressure at the output stabilizes. This stability is also achieved at equilibrium point approximately. Figure 6 shows that initially there is controller so the compressor operates stability at equilibrium point approximately.
DESIGNING THE SECOND CONTROLLER
In this chapter, another law is considered for the controller, u. The control law can be stated as:
By substituting (1)-(2) in (31), we have:
Here the control Lyapunov function for this step is determined as same as (24). Similar to chapter 3, by substituting (20) , (21) and (32) in (25) and by applying laws for stability of control Lyapunov function, we have:
We assume C2=1 and by using the numerical values of Table 1 , we have:
Throttle valve is passive, then ̂(̂) is always positive. therefore −̂̂(̂) < 0; It's enough that:
By substituting (13) in (35), we have:
By using the numerical values of Table 2 , we have:
It's enough that [Φ 2 + 2
with (37) It is easy to show that it's necessary: 
By using the numerical the values of Table 2 , we have:
SIMULATION RESULTS OF THE FIRST CONTROLLER
According to the values, obtained in previous chapter, we apply the controller to Moore-Greitzer model. We assume that C1=0.6 thus we expect the system to be stable. Simulation Results are shown in Figure 7 and applying controller at t=100s
It can be seen from Figure 7 that there is no controller and the compressor is in surge, at first. By applying the controller at nearly t=100 s the compressor mass flow increases, and then by eliminating the surge, the compressor mass flow stabilizes. This stability is achieved at equilibrium point approximately. Figure 8 shows that initially there is no controller and the compressor is in surge. By applying the controller at nearly t=120 s the pressure increases, and so by eliminating the surge, the pressure at the output stabilizes. This stability is also achieved at equilibrium point approximately. shows that initially there is controller so the compressor operates stability at equilibrium point approximately.
CONCLUSIONS
In this paper, a centrifugal compression system which is equipped with CCV has been investigated. Two controllers base on Lyapunov control law are developed for surge suppression. Simulations results show that both of them can stabilize the surge phenomenon and control surge by applying CCV and only one controller.in addition, simulation results as same the results of recent past researches; But the advantages of this results in simplicity of designing and setting up one controller instead of two controllers (old methods) and good efficiency and performance of compressor. Two controllers are presented and compared. The first controller has better performance and more efficiency. Although the second controller has more pressure coefficient, but mass flow coefficient has increased. It yields to less efficiency for the second controller than the first controller. Other methods can be utilized to improve performance of the controller such as using artificial neural networks as a part of controller which will be investigated in our future work. 
